Background-Fetal growth restriction (FGR) affects 5% to 10% of newborns and is associated with increased cardiovascular mortality in adulthood. The most commonly accepted hypothesis is that fetal metabolic programming leads secondarily to diseases associated with cardiovascular disease, such as obesity, diabetes mellitus, and hypertension. Our main objective was to evaluate the alternative hypothesis that FGR induces primary cardiac changes that persist into childhood. Methods and Results-Within a cohort of fetuses with growth restriction identified in fetal life and followed up into childhood, we randomly selected 80 subjects with FGR and compared them with 120 normally grown fetuses, matched for gender, birth date, and gestational age at birth. Cardiovascular assessment was performed in childhood (mean age of 5 years). Compared with control subjects, children with FGR had a different cardiac shape, with increased transversal diameters and more globular cardiac ventricles. Although left ejection fraction was similar among the study groups, stroke volume was reduced significantly, which was compensated for by an increased heart rate to maintain output in severe FGR. This was associated with subclinical longitudinal systolic dysfunction (decreased myocardial peak velocities) and diastolic changes (increased E/EЈ ratio and E deceleration time). Children with FGR also had higher blood pressure and increased intima-media thickness. For all parameters evaluated, there was a linear increase with the severity of growth restriction. Conclusions-These findings suggest that FGR induces primary cardiac and vascular changes that could explain the increased predisposition to cardiovascular disease in adult life. If these results are confirmed, the impact of strategies with beneficial effects on cardiac remodeling should be explored in children with FGR. (Circulation. 2010;121:2427-2436.) 
C ardiovascular disease is the main cause of death in adults. Most factors that lead to chronic cardiovascular disease are already present in childhood. 1, 2 Epidemiological evidence has long suggested a link between low birth weight and increased cardiovascular mortality in adulthood. 3 This association is essentially mediated through fetal growth restriction (FGR), 4 a condition defined as a birth weight below the 10th percentile for gestational age that affects 5% to 10% of all newborns. 5 The mechanistic pathways underlying the relationship between FGR and cardiovascular risk are poorly understood. 6 A number of studies support that it might be explained in part by fetal metabolic programming leading to diseases associated with cardiovascular disease, such as obesity, diabetes mellitus, and hypertension 6 ; however, it remains unclear whether FGR induces primary changes in the heart that might predispose to cardiovascular dysfunction later in life.
Clinical Perspective on p 2436
It has long been known that intrauterine growth retardation is associated with dilated cardiomyopathy-like changes in utero. 7 Recent studies have demonstrated that fetuses 8, 9 and newborns 10 with severe forms of growth restriction have significant changes in fetal cardiac function parameters and natriuretic peptides. In addition, newborns with FGR have an increase in aortic intima-media thickness, 11 which supports the existence of vascular remodeling. Experimental studies suggest that subclinical cardiovascular abnormalities in fetuses exposed to growth restriction persist into adulthood, 12 but it is unknown whether this effect occurs in humans.
In the present study, we evaluated the hypothesis that adaptation to growth restriction induces persistent cardiovascular changes in children. From a prospective perinatal registry, we selected a cohort of FGR children classified into categories as having mild or severe growth restriction, as well as a cohort of normally grown children matched for gestational age at delivery. We evaluated the association between FGR and echocardiographic structural and functional measurements in childhood.
Methods

Study Populations
The study design was a prospective cohort study that included 80 case subjects with FGR and 120 control subjects with birth weight appropriate for gestational age identified in fetal life and followed up into childhood. The source population comprised all pregnancies cared for from January 2002 to October 2007 at a tertiary referral university hospital in Barcelona, Spain, which covers an inner city area of approximately 0.6 million inhabitants, who were registered in a database prospectively constructed at the time of delivery (nϭ25 350). Case subjects were considered noneligible in the presence of any of the following: Congenital malformations or chromosomal defects, evidence of fetal infection, or multiple monochorionic pregnancy. Eligible case subjects were infants with a birth weight below the 10th percentile according to local standards 13 for whom full prenatal information was available, including umbilical artery Doppler. For the purposes of the present study, FGR was classified as mild when umbilical artery Doppler was normal (pulsatility index Ͻ2 SDs) and severe FGR when it was abnormal (pulsatility index Ն2 SDs). 5 From the eligible population of 837 fetuses with growth restriction identified in fetal life and followed up into childhood, case subjects were randomly sampled and invited to participate in the study until a final study population of 40 case subjects with mild FGR and 40 with severe FGR was completed, in accordance with the sample-size requirements. A reference cohort of children born with a normal birth weight (Ͼ10th percentile) randomly sampled from pregnancies delivered at our institution were selected as a control group. Noneligibility criteria for control subjects were the same as for case subjects. Control subjects were matched 2-to-1 with mild FGR case subjects and 1-to-1 with severe FGR case subjects according to gender, birth date (Ϯ6 months), and gestational age at delivery (Ϯ1 week), calculated by first-trimester crown-rump length measurement. The study protocol was approved by the Hospital Clinic Ethics Committee, and written parental consent was obtained for all study participants. Figure 1 shows a flow diagram of the study population.
Study Protocol and Follow-Up
The study protocol consisted of a medical examination, echocardiography, and ultrasound carotid assessment. A blood sample extrac-tion was also proposed, but if parents rejected it, the case subject was not excluded from the study. Anthropometric data, including each child's height, weight, and body mass index, were gathered at the time of the study examination, and their percentiles were calculated according to local reference values.
Cardiac Morphometry and Function
All echocardiographic examinations were performed according to a standardized protocol with a Siemens Sonoline Antares ultrasound system (Siemens Medical Systems, Malvern, Pa) with a 2-to 10-MHz phased-array transducer. An ECG was registered continuously during echocardiography. A complete 2-dimensional, M-mode, and Doppler echocardiographic examination was performed initially to assess structural heart integrity and morphometry. Linear measurements of base-to-apex length and basal diameter of left and right ventricles were determined from 2-dimensional images from an apical 4-chamber view at end diastole ( Figure 2 ) according to a standardized protocol, and sphericity index was calculated as base-to-apex length/basal diameter. 14 Umbilical artery pulsatility index, z scores 0 (Ϫ1-1) 0 (Ϫ1-1) 6 (4-8)* Ͻ0.001
Middle cerebral artery pulsatility index, z scores 0 (Ϫ1-1)
Ductus venosus pulsatility index, z scores 0 (Ϫ1-1) and septal E/EЈ ratios were measured as described previously. 15 When blood was available, B-type natriuretic peptide concentrations were measured with the Siemens ADVIA Centaur B-type natriuretic peptide assay.
Vascular Assessment
Systolic and diastolic blood pressures were obtained at the beginning of the medical evaluation by a trained nurse while the child was seated after having rested for 5 to 10 minutes. Right and left carotid arteries were scanned according to a standardized protocol with a 13-MHz linear-array transducer. Longitudinal clips of the far wall of both carotid arteries were obtained approximately 1 cm proximal to the bifurcation, with the ECG recorded continuously. Carotid intima-media thickness (cIMT) measurements were performed offline based on a trace method with the assistance of a computerized program (Siemens Syngo Arterial Health Package). To obtain cIMT, 2 end-diastolic frames were selected and analyzed for mean intima-media thickness and diameter, and the average reading from these 2 frames was calculated for both right and left carotid arteries. Circumferential wall stress was calculated as follows: (Mean blood pressureϫmean diastolic carotid diameter)/2ϫcIMT.
Statistical Analysis
The primary outcomes were cardiac dimensions and function. E/EЈ ratio and SЈ were used to calculate sample size because of the high reported sensitivity to detect preclinical cardiac dysfunction in children. 16 -19 The sample size was calculated to enable us to observe a difference of 20% in E/EЈ and SЈ between the group of case subjects with severe FGR and control subjects, with 85% power and a 5% type I risk. Basal mean and within-group standard deviations were estimated according to published normative data in children, 18, 19 which resulted in a required sample of 40 individuals in each group for E/EЈ and 25 for SЈ. Conservatively, a sample size of 40 individuals in each group was designed. Data are presented as meanϮSD, median (interquartile range), or percentages, as appropriate. Paired comparisons between the study and control groups were adjusted for age, gender, gestational age at delivery, body surface area, heart rate, and the presence of preeclampsia or gestational diabetes by linear (general linear model) or logistic regression analysis. In addition, a linear polynomial orthogonal contrast was also constructed for each model to test the hypothesis of a linear association across FGR-severity groups. Children were categorized into groups of control subjects, mild FGR, and severe FGR. All reported P values are 2-sided. The software statistical package SPSS 15.0 (SPSS, Chicago, Ill) was used for the statistical analysis.
Results
Anthropometric, echocardiographic, and vascular data were obtained from all patients included in the study. Parents agreed to permit blood sampling in 42.5% of controls, 55% of those with mild FGR, and 82.5% of those with severe FGR.
Baseline and Follow-Up Characteristics
Baseline characteristics are shown in Table 1 . The study groups were similar in terms of maternal, paternal, and familial characteristics, with the exception of shorter parental height in children with mild FGR than in control subjects. As expected, mothers of FGR children had a greater occurrence of pregnancy complications, and these children had worse prenatal Doppler ultrasound findings, worse umbilical artery pH, and longer admittance in a neonatal intensive care unit.
Follow-up characteristics at the time the children were assessed are shown in Table 2 . The age range was 2 to 6 years. At the time of evaluation, FGR children showed a linear tendency to lower height and weight values, with similar results for body mass index, compared with control subjects. All case subjects were asymptomatic, and none of them received treatment with diuretics.
Cardiac Morphometry and Function
Results of cardiac morphometry and function studies are shown in Table 3 and Figures 2 and 3 . Cardiac shape was altered significantly, with the left and right sphericity indexes decreased significantly in children with mild and severe FGR. Interventricular septum, left posterior wall thickness, and relative wall thickness showed similar values in all study groups.
Although left ventricular ejection fraction and B-type natriuretic peptide were similar among the study groups, stroke volume was changed significantly, which was compensated for by a significantly increased heart rate to maintain output in children with severe FGR, with a significant tendency for decreased stroke volume and increased heart rate across FGR-severity groups. Systolic mitral and tricuspid ring displacements were decreased significantly in mild and severe FGR case subjects compared with control subjects. Children with severe FGR showed significantly lower longitudinal SЈ in mitral lateral, mitral septal, and tricuspid annulus than control subjects, with a significant linear tendency to lower values across FGR-severity stages. Although mitral and tricuspid E/A ratios and isovolumic left ventricular relaxation time were similar among study groups, mitral E deceleration time was increased significantly in mild and severe FGR with respect to control subjects. Tricuspid E deceleration time was increased significantly in children with severe FGR, although there was a significant linear tendency for an increase across severity groups. Children with severe FGR showed significantly lower longitudinal EЈ in mitral lateral, mitral septal, and tricuspid annulus than control subjects, with a significant linear tendency to lower values across FGR-severity stages. Mitral lateral and septal E/EЈ ratios were significantly higher in children with severe FGR than in control subjects, with a significant linear trend to higher values across severity stages. Results of vascular assessment are displayed in Table 4 and Figure 4 . Systolic and diastolic blood pressures were significantly higher in the mild and severe FGR groups. cIMT was increased significantly in children with severe FGR, even after adjustment for systolic blood pressure (linear tendency PϽ0.001; linear regression comparing control subjects and children with severe FGR PϽ0.001). Circumferential wall stress values were significantly higher in both the mild and severe FGR groups. There was a significant linear trend for higher values in relation to severity of FGR for all parameters evaluated.
Discussion
The present study provides direct clinical evidence that children with FGR show changes in cardiac morphology, subclinical cardiac longitudinal dysfunction, and arterial remodeling, all of which increase linearly with the severity of growth restriction. The findings support the existence of direct cardiac programming in FGR and suggest a new mechanistic pathway for the association between fetal growth and cardiovascular disease. The most striking finding was that children with FGR have a distinct cardiac geometry and shape, with less elongated and more globular ventricles. Morphometric measurements confirmed quantitatively an overall increase in transverse cardiac diameters, which led to apparent dilatation of the ventricular cavities. The data are in line with postmortem studies in human FGR that described hypoplasia in myocardial fibers. 20 These findings are also in agreement with our recent animal studies that showed the persistence of dilated cardiomyopathy-like features in utero into adulthood in a chick model of FGR under chronic hypoxia. 12 The globular cardiac shape observed in children with FGR is most likely the result of changes in cardiac development induced by the working conditions of the fetal heart. The intrauterine state of chronic hypoxia and undernutrition, 21 together with increased placental vascular resistance, 22 results in a combined pressure and possibly volume overload of the fetal heart, 22, 23 which induces abnormal cardiac function. 8, 9, 22 The resulting increased wall stress on the developing myocardial fibers should trigger a cardiac remodeling response to compensate for local stress. In normal conditions, acquired mild pressure overload leads to hypertrophy in the region of highest stress 24 ; however, in the developing heart under conditions of sustained hypoxia and undernutrition, the myocardium might be unable to develop hypertrophic changes. Consequently, increased wall stress can only be compensated for by an increase in the local radius of curvature, which results in dilated changes and a more spherical cavity.
Therefore, as observed in the present study, children who were exposed to FGR will have intrinsically differently shaped hearts. It is likely that this is accompanied by stabilized changes in muscle fiber architecture, 25 because myocardial shape and fiber orientation are determined by stress and strain conditions. 26, 27 A more globular ventricle, with potentially a different architecture, is not as efficient in generating the normal stroke volume, 28 which results in the need for an increased heart rate to maintain cardiac output, as observed in the present study. Because diastolic function depends on ventricular shape and torsion, as generated by the normal fiber architecture, 29 it was not unexpected that additional changes in diastolic parameters were found. Cardiac remodeling observed in FGR children in the present study might explain the increased risk of cardiovascular disease described in epidemiological studies on FGR. 3 Although the remodeled ventricles could compensate for their lower efficiency in childhood, any additional changes in their working conditions (eg, hypertension, ischemia, or arrhythmias) at a later age would result in an abnormally high increase in local wall stress and dilatation, because further shape adaptation of the ventricle is not possible.
The present study confirms and extends previous findings documenting a significantly increased carotid wall thickness 11 in children with FGR. Increased cIMT had been reported previously in newborns with FGR, 11 and the present results demonstrate that these changes persist into childhood. The increased arterial wall thickness is most likely the result of the overall pressure and possibly volume overload in the fetal circulation, in which vascular wall stress induces hypertrophy of the intima-media layer. In childhood, the remodeled arteries, now working under normal loading conditions, will produce an increased peripheral resistance and an elevation in blood pressure, which may contribute to increased cIMT. 30 Both elevated blood pressure and cIMT are additional accepted risk factors for future cardiovascular disease. However, because the hearts of FGR children did not demonstrate the hypertrophic changes characteristic of hypertensive cardiomyopathy, the cardiac changes in children with FGR are primary and not secondary.
There are several limitations and considerations of the present study. Because of the observed cardiac shape change in FGR, some of the echocardiographic measurements based on geometric assumptions such as the Simpson rule should be interpreted cautiously. The changes reported here are subclinical, and the long-term association with adult cardiovascular function and disease remains to be further proven. Furthermore, although the effect of prematurity and consequently of severe neonatal morbidity was accounted for in the study design, we cannot completely rule out the possibility that changes in FGR children could be a consequence of a more morbid neonatal course that results in cardiovascular stress.
The study was not designed to assess the effect of other factors on cardiovascular function. In the present study, cardiac changes were independent of obesity or an abnormal lipid profile, but the prevalence of these risk factors was very low in the present setting (online-only Data Supplement). The existence of metabolic programming in FGR is well demonstrated, 6 and the potential interactions between metabolic and cardiac programming in the risk of cardiovascular disease in these patients remains to be elucidated. The impact of gender was also addressed, and cardiovascular differences were equally observed in males and females (online-only Data Supplement), but we acknowledge that we may have lacked statistical power to detect subtle gender-associated differences. FGR children born preterm were compared with case subjects born at similar gestational age. The present findings are in line with recent studies that suggest that prematurity is not associated with fetal cardiovascular programming. 4 We acknowledge that the pooling of control subjects regardless of gestational age might be regarded as a potential limitation; however, term and preterm control subjects showed similar results (online-only Data Supplement), and all comparisons were adjusted by gestational age at delivery. Exposure to prenatal glucocorticoids was also similar, and in addition, the influence of corticoids in cardiac function has been discounted recently in a large cohort study. 31 Even though approximately half of the severe cases of FGR were associated with preeclampsia, it has been reported recently that the presence of preeclampsia does not influence fetal cardiac function in severe FGR 32 ; however, we acknowledge that the association with preeclampsia could in some cases be a form of familial predisposition. Consequently, analyses were adjusted by potential confounders such as body surface area, heart rate, or association with preeclampsia or gestational diabetes. Finally, other potential confounders such as socioeconomic status, race, familial early cardiovascular history, breastfeeding, parity, and parental smoking were similar among study groups.
In summary, the present study provides evidence of an association between FGR and cardiac remodeling and longitudinal dysfunction in childhood that shows a linear increase with the severity of growth restriction and is independent of gestational age at delivery, lipid profile, or body mass index. The importance of early identification and intervention in pediatric risk factors for cardiovascular disease is now well recognized 33 ; however, FGR is not listed among the conditions presumed to increase cardiovascular risk in current consensus guidelines. 33 FGR affects 5% to 10% of all newborns, and therefore, the findings of the present study concern thousands of children each year. Primary cardiac programming might be one of the causes of increased cardiovascular mortality in adults born with FGR, and this may open new opportunities for monitoring and intervention in newborns and children affected with this condition. The present study identifies several therapeutic targets that could be used in future clinical trials. If these findings are confirmed, the impact of strategies [33] [34] [35] with beneficial effects on cardiac remodeling should be explored in FGR children.
